SUMMARY The hemodynamic consequences of patent ductus arteriosus (PDA) were studied during the first few hours of life (1.9 + 0.7 hours) in 13 mechanically ventilated, surfactant-treated, preterm lambs (gestational age of 120-124 days). Cardiovascular pressures, left ventricular (LV) performance and regional blood flows were measured using cine left ventriculography and radionuclide-labeled microspheres before and after occlusion of the PDA with a catheter balloon. Before occlusion, the left-to-right shunt was 44 13%; after occlusion the shunt was negligible (2%). Heart rate (164 17 beats/min), LVend-diastolic pressure (5 3 mm Hg), ejection fraction (74 + 8%) and cardiac output (241 + 13 ml min-l.kgj') were normal and did not change after ductus occlusion. However, "effective" systemic blood flow increased significantly after occlusion (130 53 vs 228 93 ml min-l.kg-', p < 0.001), as did blood flow to organs such as the brain, myocardium and gastrointestinal tract. The reduction of systemic blood flow in the presence of a left-to-right PDA shunt may be responsible for many early pathologic manifestations of the PDA "syndrome" of prematurity even in the absence of overt LV dysfunction.
THE PRESENCE of a patent ductus arteriosus and a left-to-right shunt adversely affects the clinical status of premature infants with respiratory distress syndrome. It has been proposed that a large left-to-right shunt may disproportionately "volume load" the left ventricle of the immature infant and lead to impairment of left ventricular systolic and diastolic performance. '5 Clinical and experimental studies using electromagnetic flowmeters, cineaortography, Doppler methods, and echocardiography have demonstrated a diastolic flow reversal pattern or "steal" of blood flow to the pulmonary artery in subjects with a patent ductus arteriosus and a left-to-right shunt. It has been proposed that this abnormal blood flow distribution might lead to organ dysfunction. ' 3 8 However, this proposal has not been confirmed in the critically ill, small, preterm infant.
The study of the cardiovascular physiology of the patent ductus arteriosus syndrome of prematurity has been greatly facilitated by the use of mechanical ventilatory support and the administration of natural sheep surfactant to premature lambs during the first hours of life.9-" Such treatment interrupted the marked respiratory deterioration and acid-base imbalance that occur in such lambs soon after birth.'01" We studied the influence of early left-to-right ductal shunting on left ventricular performance and distribution of organ blood flows before and after occlusion of the ductus arteriosus in premature lambs treated with natural surfactant before the first breath.
Materials and Methods

Experimental Preparation
Thirteen lambs were delivered by cesarean section of date-bred, Western, mixed-breed ewes at a gestational age of 120-124 days. The ewes were premedicated with intramuscular injection of ketamine (800 mg) and atropine sulfate (3 mg), and surgery was performed under spinal anesthesia. The head and neck of each lamb was delivered and a 4.5 mm endotracheal tube was immediately secured in the trachea by tracheotomy. Each lamb was treated with a 15-ml suspension containing natural sheep surfactant (50 mg lipid/kg) instilled into an endotracheal tube before the first breath.`' The surfactant was isolated from the lavaged lung fluid of adult ewes and characterized as previously described.'0 The lambs were placed on pressurelimited infant ventilators (Sechrist Industries) at initial settings of 30 breaths/min, a positive end-expiratory pressure of 2 cm H20, a peak inspiratory pressure of 28 cm H20 and an inspiratory time of 1 second. A #5F catheter was placed in the distal aorta through an umbilical artery, and the lambs were paralyzed with pancuronium bromide (0.1 mg/kg). Rectal temperature was maintained at 38-39°with a heating pad and heat lamps. Blood losses were replaced with freshly collected, anticoagulated, filtered, maternal blood. Peak inspiratory pressures, rates and inspired oxygen concentrations were changed only to maintain arterial blood gas tensions (Po2 40-100 mm Hg, Pco2 [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] mm Hg) and arterial pH (7.30-7.45 The lambs were catheterized under local anesthesia through external cutdowns using fluoroscopy and pressure monitoring (figs. 1 and 2). Fluid-filled polyvinyl catheters were placed into the right jugular vein and advanced to the right atrium and to the main pulmonary artery (#5F flow-directed balloon angiography catheter), the right carotid artery and advanced to the apex of the left ventricle (#3.5F), and the umbilical artery and advanced to the descending thoracic aorta (#5F).
Measurements and Calculations
Pressures were recorded using a multichannel photographic recorder and pressure transducers calibrated with a mercury manometer. The rate-pressure product (peak systolic pressure) was calculated as previously described.'2 Left ventricular cardiac output and the distribution of organ blood flows were measured by a 15-second infusion into the left ventricle of 15-,umdiameter, radionuclide-labeled microspheres suspended in 5 ml of maternal blood (5 Co, 46Sc, "3Sn, New England Nuclear). Concurrent with each injection of microspheres, a reference sample was withdrawn at a rate of 6 ml/min for 2 minutes from the descending thoracic aorta (confirmed fluoroscopically); the volume withdrawn was simultaneously replaced with ma- - We previously demonstrated a 12% mean difference between such calculated volumes and their water displacement volumes.'6 However, the discrepancy between "dilution" (e.g. microsphere) and angiographic methods is well known.'9 Furthermore, the angiographic method is limited for the calculation of cardiac output because any error of the estimated stroke volume is multiplied by the cardiac rate. Accordingly, cardiac output in this study was estimated using radionuclide-labeled microspheres.
Experimental Protocol
To evaluate the effect of left-to-right ductal shunting on distribution of left ventricular cardiac output and organ blood flows, we obtained measurements before and after occlusion of the ductus arteriosus. The catheters were placed within 1.5 hours of birth, and the lamb was allowed to stabilize for approximately 20 minutes before measurements were obtained. Baseline blood gases, pH, cardiovascular pressures, left ventricular cardiac output and its distribution were measured and cine left ventriculography was performed. The flow-directed balloon angiographic catheter was then advanced under fluoroscopic guidance into the lumen of the ductus arteriosus and the catheter balloon was inflated to occlude the ductus arteriosus. Occlusion was confirmed by cineaortography and continuous pressure measurements (figs. 1 and 2). A decrease of pulmonary arterial pressure and absence of pressure gradient between the left ventricle and the descending thoracic aorta confirmed optimal ductal occlusion without migration of the catheter balloon and obstruction of the descending thoracic aorta ( fig. 2 ). Soon after ductal closure (mean 11 ± 3 minutes), all measurements were repeated.
Statistics
Measurements obtained before and after ductal occlusion were analyzed statistically by paired t test. The level of significance was p < 0.05 (two-tailed t test). The data are reported as mean ± SD.
Results
The arterial blood gases and hemodynamic and blood flow data are shown in tables 1 and 2. The baseline measurements were obtained 1.9 ± 0.7 hours after birth, and measurements after ductal occlusion were obtained 2.6 ± 0.7 hours after birth. Although arterial blood gases and pH appear to have changed significantly, they remained normal, indicating normal ventilatory and acid-base balance during the study interval (table 1) .
The ductus arteriosus closed spontaneously within the first 2 hours of life in two lambs and they were excluded from the study. The ductus arteriosus was restrictive (pulmonary peak systolic < 0.9 aortic systolic pressure) in nine of the remaining 11 lambs. Nevertheless, in these lambs the left-to-right ductal shunt was 44 ± 4.2% of the left ventricular cardiac output and was negligible after ductal closure ( Although left ventricular cardiac output did not change, the percentage of output distributed to most major organs increased after ductal occlusion because blood flow was no longer diverted to the lungs. Furthermore, because the "effective" systemic blood flow increased, the absolute organ blood flows increased significantly (table 2) . For example, after ductal occlusion, myocardial blood flow increased approximately 116%, gastrointestinal flow increased 82%, and cerebral flow increased 42%. Although the myocardial blood flow increased significantly, the rate-pressure product did not change (table 1, fig. 3 provided a premature lamb with relatively physiologic metabolic and respiratory status during the first hours of life. Yet, even after this earlier therapy, characteristic deterioration of blood gas values occurred. 1 1 Nevertheless, study of the potential hemodynamic manifestations of patent ductus arteriosus in premature animals was possible under nearly optimal physiologic conditions.
In other studies, the treatment of the lambs by endotracheal instillation of surfactant within the first hours of life was associated with increasing left-to-right ductal shunting. " Similarly, pathologic left-to-right ductal shunting occurred after endotracheal administration of surfactant to preterm infants with respiratory distress syndrome.25 Thus, the potential benefits of giving pulmonary surfactant to preterm infants with respiratory distress syndrome could well be nullified by the complicating features of the left-to-right ductal shunt.' 25 In this study, the ductus arteriosus closed spontaneously in two of 13 lambs and was partially constricted in nine others. Consequently, substantial right-to-left ductal shunting was unlikely in the majority of lambs. Nevertheless, there was generally a large left-to-right ductal shunt into the lower resistance pulmonary vascular bed and a proportionately reduced "effective" systemic blood flow. After acute ductal occlusion, the cardiac rate, left ventricular end-diastolic pressure, ejection fraction and cardiac output remained unchanged (table 1) . However, the "effective" systemic blood flow increased significantly and by an amount approximately equivalent to the flow previously diverted through the ductus arteriosus to the lungs. In addition, the total pulmonary blood flow before and after ductal occlusion was unchanged, for the systemic venous return increased after occlusion by an amount approximately equal to that previously diverted through the ductus arteriosus. Thus, although the left ventricle pumped a relatively greater proportion of the combined ventricular output than did the right ventricle, there was no apparent appreciable influence of the left-to-right ductal shunt On the total left ventricular cardiac output. In contrast, other investigators induced a marked increase of pulmonary blood flow and left ventricular cardiac output in adult dogs in which prosthetic aortopulmonary communications were inserted . '
However, marked increases of the cardiac rate and decreases of the systemic systolic and diastolic pressures were observed upon opening the shunt in their acute model. Furthermore, it was suggested that the responses of the adult dog may be different from those in the newborn with a natural left-to-right ductal shunt.5
The left ventricular ejection fraction is a widely ac- (table 2) . For example, the neonatal gastrointestinal tract might be particularly susceptible to ischemia in the presence of such marked reductions of gastrointestinal flow (approximately 49%).32 Such a relationship between the association of necrotizing enterocolitis and patent ductus arteriosus of prematurity has been suggested.1' 2. Other investigators using Doppler methods have suggested reduced diastolic cerebral blood flow velocity in premature infants with patent ductus arteriosus.37 These observations are consistent with our finding of significantly decreased cerebral blood flow in the lambs before occlusion of the ductus arteriosus. The association of cerebral ischemia and cerebral hemorrhage has been well documented in the premature infant.38 19 The contribution of cerebral hypoperfusion or ischemia secondary to left-to-right ductal shunting in the pathogenesis of cerebral hemorrhage remains to be evaluated. 39 The mechanical and autoregulatory factors that influence the quantity and distribution of coronary blood flow are complex.40-3 The increased myocardial blood flow after occlusion of the ductus arteriosus was most likely associated with a diminished coronary vascular "resistance," for transcoronary perfusion pressure changed minimally.42 43 Furthermore, the rate-pressure product, which correlates well with instantaneous myocardial oxygen consumption (MVO2) in sheep and newborn lambs, did not change after occlusion (table  1, fig. 3 ).35 This is not surprising since the principal determinants of MVO2 were similarly unchanged (i.e., ventricular pressures, volume, cardiac rate, and presumably contractile state).40, 41 Thus, the increased myocardial blood flow coincident with unchanged MVO2 after occlusion was apparently associated with "non-demand-related" coronary vasodilation,42 which may have been related to the falling Po2 and rising Pco, after occlusion. Increased aortic diastolic pressure or transcoronary perfusion pressure may have further contributed to the increased myocardial flow. Despite the apparent relative reduction of myocardial flow in proportion to MVO2 ( fig. 3) , it is unlikely that myocardial ischemia occurred, for the initial coronary flow and ventricular performance were acceptable in lambs with ductus arteriosus. In view of the relatively high myocardial blood flow required immediately after birth, a sustained imbalance of myocardial oxygen supply and demand might ultimately lead to myocardial ischemia and dysfunction.30' 32 33. 35. 40, 41 In conclusion, clinical attention in the preterm infant with patent ductus arteriosus syndrome has been primarily directed at the adverse consequences of "volume overload" upon the immature left ventricle and associated pulmonary complications.'-3 In premature lambs during the hours immediately after birth, the patent ductus arteriosus is associated with left-to-right shunt, reduced "effective" systemic blood flow, and organ hypoperfusion. The latter may occur even in the absence of overt left ventricular dysfunction. However, the inability to increase left ventricular output and "effective" systemic blood flow enough to compensate for the left-to-right shunt may represent ventricular dysfunction or the limited capacity of the preterm left ventricle. The ventricular performance may be further limited by reduction of coronary blood flow. The improvement of cardiopulmonary status associated with ductal closure in preterm infants has been well described. ' 3 Our observations in preterm lambs further suggest the potential benefits of early ductal closure to maintain or reestablish effective systemic perfusion in the preterm infant with a left-to-right ductal shunt.
